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[1] The spatial error structure of surface precipitation derived from successive versions of
the TRMM Multisatellite Precipitation Analysis (TMPA) algorithms are systematically
studied through comparison with the Climate Prediction Center Unified Gauge daily
precipitation Analysis (CPCUGA) over the Continental United States (CONUS) for 3 years
from June 2008 to May 2011. The TMPA products include the version-6(V6) and version-
7(V7) real-time products 3B42RT (3B42RTV6 and 3B42RTV7) and research products
3B42 (3B42V6 and 3B42V7). The evaluation shows that 3B42V7 improves upon 3B42V6
over the CONUS regarding 3 year mean daily precipitation: the correlation coefficient (CC)
increases from 0.85 in 3B42V6 to 0.92 in 3B42V7; the relative bias (RB) decreases from
—22.95% in 3B42V6 to —2.37% in 3B42V7; and the root mean square error (RMSE)
decreases from 0.80 in 3B42V6 to 0.48 mm in 3B42V7. Distinct improvement is notable in
the mountainous West especially along the coastal northwest mountainous areas, whereas
3B42V6 (also 3B42RTV6 and 3B42RTV7) largely underestimates: the CC increases from
0.86 in 3B42V6 to 0.89 in 3B42V7, and the RB decreases from —44.17% in 3B42V6 to
—25.88% in 3B42V7. Over the CONUS, 3B42RTV7 gained a little improvement over
3B42RTV6 as RB varies from —4.06% in 3B42RTV6 to 0.22% in 3B42RTV7. But there is
more overestimation with the RB increasing from 8.18% to 14.92% (0.16-3.22%) over the

central US (eastern).
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1. Introduction

[2] Reliable quantitative estimates of the spatial precipi-
tation distribution play a critical role in the application of
satellite-based precipitation in hydrologic modeling and
hazards monitoring and forecasting. Satellite-based quanti-
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tative precipitation estimates (QPE) products are widely
used for such applications due to their global coverage and
spatial continuity. However, the inherent error sources in
satellite-based measurements (e.g., the spatiotemporal vari-
ation of the precipitation fields and the system errors in the
instruments) have not yet been well understood. Therefore,
characterizing the error structure of satellite-based precipi-
tation products is recognized as a major issue for the use-
fulness of the estimates [Hong et al., 2006]. Additionally, a
quantification of the error characteristics is necessary for
data assimilation, climate analysis [Stephens and Kum-
merow, 2007], and hydrological modeling of natural haz-
ards [Hong and Adler, 2007].

[3] To define these spatial error characteristics, the
TRMM Multisatellite Precipitation Analysis (TMPA) algo-
rithm, developed by the National Aeronautics and Space
Administration (NASA) Goddard Space Flight Center
(GSFC) [Huffman et al., 2007], was used. The TMPA pro-
vides a 3 h, real-time, gridded precipitation product
(3B42RT, hereafter 3B42RTV6 for Version-6 and
3B42RTV7 for Version-7) with a coverage area of 60°N—
60°S and a gauge-adjusted, post-real-time research version
product (3B42) with a spatial resolution of 0.25° X 0.25°
within the global latitude belt S0°N—50°S. Version-6 3B42
(hereafter, 3B42V6) has seen wide applications in
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hydrologic communities [Su ef al., 2008; Wu et al., 2012;
Yong et al., 2010], but the algorithm was no longer yielding
outputs as of 30 June 2011. Version-7 3B42 (hereafter,
3B42V7) is the latest version of a gauge-adjusted, post-
real-time TRMM product, which became available for the
time period of 1998—present in late May 2012, and super-
sedes all previous versions. Many studies have been carried
out to validate 3B42RTV6 and 3B42V6 and have revealed
their systematic and random errors[Chen et al., 2009;
Gourley et al., 2010; Shen et al., 2010; Stampoulis and
Anagnostou, 2012; Tian et al., 2010; Zhou et al., 2008].
However, few of them reveal the spatial error over a large
scale, such as the CONUS or the globe. Furthermore, the
newly available 3B42RTV7 and 3B42V7 requires similar
validation and more importantly, comparison to the previ-
ous version TMPA since V7 presumably would be a better
algorithm. Furthermore, it could evolve into the initial
Version-0 product for the upcoming Global Precipitation
Measurement (GPM) mission to be launched in 2014. The
objectives of this paper are to study the multiannual and
seasonal spatial error structure of V7 TMPA over the
CONUS relative to V6 and to enable the algorithm devel-
opers to further improve the precipitation retrieval algo-
rithms in anticipation of GPM.

2. Data and Methods

[4] The original intent of this study was to evaluate the 3
hourly TMPA products using the hourly Stage IV rainfall
product as reference. However, the hourly Stage IV are not
available in the northwest US due to the River Forecast
Center (RFC) not using the same protocols in terms of gen-
erating Stage IV precipitation products at hourly resolution
[Chen et al., 2013]. Additionally, the hourly Stage IV data
apply the Parameter-elevation Regressions on Independent
Slopes Model (PRISMs)-based climatologies developed by
Daly et al. [1994] in their spatial interpolation of gauge
data over the West. In these regions, the Stage IV precipita-
tion product does not use weather radar to depict spatial
precipitation patterns, but rather relies on the monthly cli-
matological patterns. Therefore, the newly available
gridded analysis of the gauge data set produced by the
National Oceanic and Atmospheric ~Administration
(NOAA) Climate Prediction Center (CPC) is selected as
the ground reference data, and referred to as the CPC Uni-
fied Gauge daily precipitation Analysis (CPCUGA) [Chen
et al., 2008b].An optimal interpolation (OI) technique was
employed in the CPCUGA to project gauge reports over
the CONUS to a 0.25° grid based on PRISMs. The OI was
used because it has been shown to have higher correlation
with individual gauge measurements than other techniques
[Chen et al., 2008b]. The gauge reports are derived from
three sources: NOAA’s National Climate Data Center
(NCDC) daily co-op stations, CPC data set (River Forecast
Centers data + st order stations), and daily accumulations
from hourly precipitation data set (1948-...). Duplicates and
overlapping stations were removed during data QC control,
and standard deviation and buddy checks were applied.
According to an early study by Chen et al. [2008], the
CPCUGA has a bias of —0.467% and a correlation with
gauge observations of about 0.811 from 1979 to 2008
[Chen et al., 2008a]. More details can be seen on the offi-

cial website: http://www.esrl.noaa.gov/psd/data/gridded/
data.unified.daily.conus.html.

[5] 3B42RTV6 and 3B42RTV7 are nearly real-time
products computed with the TMPA algorithm, while
3B42V6 and 3B42V7 are post-real-time products computed
with the Version-6 and Version-7 TMPA algorithms. Sour-
ces of passive microwave satellite precipitation estimates
include TRMM Microwave Imager (TMI), Special Sensor
Microwave Imager (SSMI), Special Sensor Microwave
Imager/Sounder (SSMIS) (3B42V7 only), Advanced
Microwave  Scanning Radiometer-EOS ~ (AMSR-E),
Advanced Microwave Sounding Unit-B (AMSU-B), and
Microwave Humidity Sounder (MHS). Also, during the
period of 1998-1999, the 3B42V7 includes the 0.07°
Grisat-B1 infrared data, which represents a significant
improvement in resolution and areal coverage over the 1°
24 class histogram infrared data used in Version-6. Finally,
the 3B42V7 incorporates the new Global Precipitation Cli-
matology Centre (GPCC) “full” gauge analysis whenever
available, and the GPCC “monitoring” gauge analysis
since 2010; whereas, the previous monitoring product
encompassed periods up to April 2005 and used the Cli-
mate Assessment and Monitoring System (CAMS) analysis
thereafter [Huffiman et al., 2011]. The major changes from
V6 to V7 are mainly from three factors: (1) the enhanced
TMPA Level-2 products, (2) use of the GPCC data with
improved climatology and anomaly analysis, and (3) more
satellite observations incorporated. Based on previous stud-
ies on the level-2 product evaluation of successive V6 and
V7 TRMM PR (i.e., 2A25 or PRV7) done by Chen et al.
[2012a] and Kirstetter et al. [2013], the PRV7 gained small
to moderate improvement over PRV6 with relative differ-
ence (bias) decreasing from —22.09% to —18.38%, RMSE
decreasing from 7.47 mm to 7.18 mm. For the gauge input
sources, both V6 and V7 use two different sources of gauge
analyses: (1) CAMS for initial processing and (2) previous
GPCC monitoring gauge analysis for retrospective process-
ing. However, the gauge products used in V7 shifted to an
improved climatology and anomaly analysis, including
improvements in complex terrain [Huffinan et al., 2011]. In
addition, V7 blends more satellite observation data, includ-
ing SSMIS and 0.07° Grisat-B1 infrared data, which repre-
sents an improvement in resolution and areal coverage over
the 1° 24 class histogram infrared data used in Version-6.
More details can be seen in Huffman and Bolvin [2013] and
Huffman et al. [2011].

[6] Since the CPCUGA is a daily product with the same
spatial resolution as TMPA products, we accumulated the 3
h precipitation estimates of TMPA products to daily precip-
itation estimates. The data range were chosen to be 3 years
from June 2008 to May 2011, about 1 month before the end
of the production of 3B42V6. The readers should bear in
mind that the gauges used in CPCUGA might not be com-
pletely independent from GPCC used for bias-correction in
TMPA research version data. However, over the CONUS,
GPCC only contains a small subset of the gauges collected
by CPCUGA, a maximum of 570 out of 2492 gauges
potentially used in both data sets. In addition, GPCC is
only used at a monthly, 1° scale for TMPA bias correction.
Granted TMPA’s bias performances at this scale or coarser
will benefit from GPCC. But at daily, 0.25° scale, TMPA’s
information content is still massively dominated by satellite
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Figure 1. (a) Data availability, (b—f) 3 year mean daily rainfall of V6/V7 TMPA over CONUS, and

(g—j) density-color scatter plots of TMPA versus CPCUGA. The solid dark lines in Figure 1a outline the

boundaries of the West, Central and East CONUS.

sensors since the GPCC only provides an overall bias
adjustment ratio that is spatiotemporally varying, but only
uniformly applied to the entire month. For more explana-
tion, please refer to previous study in Bolvin et al. [2009].
Therefore, it is reasonable to compare TMPA and
CPCUGA when one is looking at high-resolution error
characteristics, which are not substantially affected by
GPCC (personal communication with TMPA data develop-
ers Bolvin and Huffman). Bias (the difference between the
TMPA and the reference), relative bias (RB, the Bias
divided by the reference), root mean square error (RMSE),
and the Pearson linear correlation coefficient (CC) are sta-
tistics used for the evaluation. RB, when multiplied by 100,
denotes the degree of overestimation or underestimation in
percent. All of the above statistics have been computed on
a pixel-by-pixel basis over the CONUS.

3. Results and Discussion

3.1. Multiannual Precipitation

[7]1 Figure 1 shows the joint data availability of TMPA
and CPCUGA and 3 year mean daily precipitation for each
product as well as the corresponding density-colored scat-
terplots of the TMPA products versus CPCUGA data sets.
The joint data availability reaches up to 98%. Generally,
both versions of TMPA data sets captured the precipitation
spatial patterns. However, differences are notable. The
3B42V6 captured the intense precipitation in the southeast
CONUS, but failed to reveal precipitation maxima in the

West, as well as in the states of Minnesota, Wisconsin, and
llinois. The areas indicated by the red letters A, B, and C
in Figure 1d show rectangular-shaped underestimated
areas, which indicate that the gauge-adjusted algorithm in
V6 has problems in these areas. The 3B42RTV6 captured
the intense precipitation in the central and southeast
CONUS, but failed with the orographic precipitation on the
west coast and in the New England states. The 3B42RTV7
shows close spatial patterns with 3B42RTV6 with a little
less intense precipitation than 3B42RTV6 in the central
and southern CONUS. Note that 3B42RTV7 reveals very
high maxima at individual pixels, especially in the moun-
tainous West and the southern CONUS (e.g., the pixels
indicated by red letters D and E in Figure le). Spatial pat-
terns of 3 year mean daily precipitation depicted by
3B42V7, on the other hand, agree quite well with the refer-
ence CPCUGA. The most notable improvements are in the
northeast CONUS and northwest CONUS where there is
orographic precipitation on the west coast. In addition to
the slight improvements of the TMPA Level-2 retrieval
algorithm[Chen et al., 2012a; Kirstetter et al., 2013], this
is likely due to more gauge observations and improved cli-
matology/anomaly analysis used in 3B42V7. Figures 1g—1j
show density-colored scatterplots of the TMPA products
versus CPCUGA data sets for 3 year mean daily precipita-
tion. Table 1 summarizes their corresponding statistics for
the west, central, and east CONUS. These scatterplots illus-
trate that 3B42V7 performed better in quantifying precipi-
tation amounts than the other three products in terms of
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RB, RMSE, and CC. It has the highest CC with 0.92 and a
small bias with —2.37%. Moreover, its RMSE is much
lower than those with the other products. The 3B42V6
product severely underestimated the precipitation by a
great margin of 22.95% with a little lower CC of 0.85,
higher RMSE of 0.80 when compared to 3B42V7. Some of
the deficiencies in 3B42V6 very likely originated from the
gauge data used, as evidenced by the low values in the
areas denoted by the red letters in Figure 1d. The
3B42RTV6 and 3B42RTV7 products have similar skill
scores with RB of —4.06% and 0.22%; RMSE of 0.72 and
0.75; and CC of 0.81 and 0.79, respectively. The
3B42RTV7 gains a little improvement over 3B42RTV6
over the CONUS in terms of bias.

[s] Table 1 indicates that 3B42V7 improves noticeably
along the coastal mountainous areas in the northwest
CONUS, whereas 3B42V6 largely underestimated; the CC
increases from 0.86 in 3B42V6 to 0.89 in 3B42V7; and the
RB decreases from —44.17% in 3B42V6 to —25.88% in
3B42V7. Besides, impressive improvement is also notable
in the central and east CONUS with the RB decreasing
from —15.06% in 3B42V6 to —0.07% in 3B42V7 in Cen-
tral and from —19.20% in 3B42V6 to 4.91% in 3B42V7 in
the East. The 3B42RTV7 product gained a marginal
improvement over 3B42RTV6 as RB decreases from
—31.94% to —27.97% over the West. But it has more over-
estimation with the RB increasing from 8.18% to 14.92%
(0.16-3.22%) over the central US (East).

3.2. Seasonal Precipitation

[9] Precipitation varies spatially and temporally to a
great extent over the CONUS. Figure 2 shows that the rainy
seasons in the West are in winter and spring, but in the
Central and East, rainy seasons are in spring and summer.
Generally, 3B42V7 decently captured the precipitation pat-
tern in every season and displayed spatially smooth and
continuous variations of precipitation from the low to high
precipitation areas. It is worth noting that only 3B42V7
captured the precipitation maxima on the western coastal
mountainous belts in spring, autumn, and winter. The
3B42V6 product still shows the rectangular-shaped under-
estimated areas in every season, as shown in the 3 year
mean daily precipitation (Figures 2i-21 and Figure 1d). The
3B42RTV6 and 3B42RTV7 show similar performance
with close spatial precipitation patterns with CPCUGA.
But both of these two products show overestimation in
central-south CONUS in spring, summer, and winter. Addi-
tionally, all TMPA products failed to capture the precipita-
tion maxima in the intermountain regions of the northwest
CONUS (i.e., regions indicated by red letter A in Figure
2a) in spring, autumn, and winter (in particular). These
intermountain regions were covered by snow and ice during
these three seasons and are beyond the coverage (38°N-S)
of TRMM. The high quality (HQ) algorithm, which derives
the precipitation estimates from macrowave (MW) data in
TMPA, has limitations in providing estimates in regions
with frozen or icy surfaces [Huffman and Bolvin, 2013]. On
the other hand, the IR-based variable rain rate product
3B41RT, which is used to fill the gaps wherever HQ is
missing [Huffinan and Bolvin, 2013], also has limitations in
estimating rainfall in complex terrain [Chen et al., 2012b;
Hirpa et al., 2010; Negri and Adler, 1993; Tuttle et al.,

Table 1. RB, RMSE, and CC for 3 Year and Four Seasonal Pre-
cipitations in Each Region

Indexes  Time Type CONUS  West  Central  East
RB (%) 3 Years 3B42RTV6 —4.06 —31.94 8.18 0.16
3B42V6 —2295 —44.17 —15.06 —19.20
3B42RTV7 022 —27.97 14.92 322
3B42V7 —2.37 —2588 —0.07 491
Spring  3B42RT V6 —22.62 —51.26 —22.66 —11.55
3B42V6 —23.10 —4331 -—17.53 —18.04
3B42RTV7 —1493 —3443 -10.17 —9.67
3B42V7 —4.50 —2877 —3.36 4.25
Summer 3B42RT V6 15.49 29.23 28.37 6.05
3B42V6 —-17.37 —25.66 —10.37 —20.17
3B42RTV7 16.63 3.13 25.65 13.65
3B42V7 311 —5.80 3.47 432
Autumn 3B42RT V6 —11.56 —28.23 525 —14.40
3B42V6 —2438 —4231 —1529 -23.09
3B42RTV7 —2.55 —25.12 1633  —4.71
3B42V7 —-1.50 —16.88 1.82 1.89
Winter ~ 3B42RT V6 2.68 —40.88 25.06  25.17
3B42V6 —2891 —52.83 —2338 -—14.74
3B42RTV7 1.33  —35.85 38.76 15.03
3B42V7 —8.03 —3621 —7.24 10.35
RMSE 3 Years 3B42RT V6 0.72 1.06 0.46 0.55
3B42V6 0.80 1.06 0.48 0.79
3B42RTV7 0.75 1.10 0.53 0.58
3B42V7 0.92 0.74 0.33 0.33
Spring  3B42RT V6 1.08 1.52 0.80 0.87
3B42V6 0.93 1.27 0.60 0.86
3B42RTV7 1.01 1.49 0.61 0.84
3B42V7 0.67 1.04 0.45 0.45
Summer 3B42RT V6 1.01 0.50 1.25 1.04
3B42V6 0.79 0.38 0.63 1.09
3B42RTV7 0.98 0.63 1.10 1.07
3B42V7 0.44 0.31 0.46 0.50
Autumn  3B42RT V6 0.83 1.15 0.47 0.77
3B42V6 0.86 1.03 0.49 0.90
3B42RTV7 0.84 1.20 0.60 0.67
3B42V7 0.46 0.61 0.35 0.40
Winter  3B42RT V6 1.19 1.77 0.56 1.04
3B42V6 1.07 1.81 0.47 0.59
3B42RTV7 1.17 1.76 0.68 091
3B42V7 0.81 1.33 0.41 0.47
CcC 3 Years 3B42RT V6 0.81 0.66 0.88 0.72
3B42V6 0.85 0.86 0.86 0.84
3B42RTV7 0.79 0.54 0.87 0.68
3B42V7 0.92 0.89 0.92 091
Spring  3B42RT V6 0.80 0.64 0.84 0.83
3B42V6 0.86 0.83 0.87 0.89
3B42RTV7 0.78 0.52 0.87 0.79
3B42V7 0.90 0.84 0.91 0.93
Summer 3B42RT V6 0.87 0.78 0.86 0.74
3B42V6 0.90 0.87 0.83 0.71
3B42RTV7 0.90 0.61 0.85 0.77
3B42V7 V6 0.96 0.86 091 0.88
Autumn  3B42RT V6 0.79 0.66 0.90 0.69
3B42V6 0.86 0.91 0.92 0.78
3B42RTV7 0.78 0.55 0.89 0.71
3B42V7 0.94 0.93 0.95 0.88
Winter  3B42RT V6 0.62 0.63 0.59 0.69
3B42V6 0.77 0.79 0.72 0.91
3B42RTV7 0.61 0.61 0.56 0.67
3B42V7 0.84 0.87 0.77 0.94

2008]. The central and southern CONUS are frequented by
more convective and frontal events containing cold rain
microphysics and ice in the spring and summer months,
which apparently causes the overestimation of 3B42RTV6
and 3B42RTV7 here.

[10] Scatterplots in Figure 3 and Table 1 give the statisti-
cal scores regarding RB, RMSE, and CC for TMPA
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Figure 2. Seasonal mean daily precipitation over CONUS.

products during different seasons over the entire CONUS,
West, Central, and East. The 3B42V7 product illustrates
much better performance than the other three products
from spring to winter. It has pretty high CCs of 0. 90, 0.96,
0.94, and 0.84 and marginal biases of —4.50%, 3.11%,
—1.50%, and —8.03% over the CONUS for spring,
summer, autumn, and winter, respectively. In contrast,
3B42V6 has lower CCs of 0.86, 0.90, 0.86, and 0.77 and
more biased precipitation of —23.0%, —17.37%,
—24.38%, and —28.91% over the CONUS for spring,
summer, autumn, and winter, respectively. The 3B42V7
product also reduces the bias to a great extent during
spring, autumn, and winter and decreases the overestima-
tion by a great margin in summer over the West, Central,
and East. Especially in the West, the underestimation
decreases from —43.31% in 3B42V6 to —28.77% in
3B42V7 in spring, —25.66% in 3B42V6 to —5.80 in
3B42V7 in summer, —42.31% in 3B42V6 to —16.88% in
3B42V7 in autumn, and —52.83% in 3B42V6 to —36.21%
in 3B42V7 in winter. During summer, the CC in the eastern
CONUS increases from 0.71 in 3B42V6 to 0.88 in
3B42V7, while the RB decreased from —20.17% in
3B42V6 to 4.32% in 3B42V7, and the RMSE decreased
from 1.09 mm in 3B42V6 to 0.50 mm in 3B42V7. More

details can be seen in Table 1. The 3B42RTV7 shows a lit-
tle better skill scores than 3B42RTV6 in spring and autumn
and demonstrates similar scores in winter and summer. It
reduced the underestimation from —22.62% (—11.56%) to
—14.93% (—2.55%) in spring (autumn) over the entire
CONUS. Over the West, the 3B42RTV7 decreased the
underestimated precipitation from —51.26% (—40.88%) to
—34.43% (—35.85%) in spring (winter). However,
3B42RTV7 overestimated the precipitation by 38.76%
over the central CONUS during winter, much more than
3B42RTV6, which overestimated the precipitation by
25.06%.

3.3. Daily Series Statistics

[11] Daily precipitation is meaningful in hydrology and
climatology; for example the three-layer Variable Infiltra-
tion Capacity (VIC-3L) hydrologic model [Liang et al.,
1996, 1994] is based on input of daily precipitation for
hydrological and climatological applications. Figure 4
shows the variation of TMPA’s area-average daily biased
precipitation, CC and RMSE against CPCUGA over the
CONUS and the three subregions. All TMPA data sets
show an annual periodic variation with high scores of CC
and RMSE during the warm season (April-September) and
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Figure 3. Scatterplots of TMPA versus CPCUGA for different seasonal mean daily precipitation over

CONUS.

low scores in the cool season (October—March). However,
this trend is not clearly seen for the daily bias. The daily
bias values show much larger fluctuations. This result indi-
cates that the TMPA products were greatly affected by the
seasonal climate. The 3B42V7 demonstrates much lower
bias in daily precipitation (—0.5 mm/day, 0.5 mm/day) and
distinct higher daily series CC than the other three products
over the CONUS (Figures 4a and 4b). The 3B42V6 product
underestimated much of the precipitation over the CONUS
all the time (Figure 4a). Prior to 2009, the 3B42RTV6
shows much overestimation and high RMSE in summer.
However, the bias with 3B42RTV6 decreased dramatically,
and RMSE with 3B42RTV6 decreased significantly in
summer after 2009. This may be because of the calibrator
of TMPA-V6 and the TRMM Combined Instrument (TCI)
added to the V6 TMPA algorithm since October 2008[ Huff-
man et al., 2010; Yong et al., 2012], and also added to the
V7 TMPA algorithm. Compared to 3B42RTV6, the
3B42RTV7 shows more overestimation in summer but less
underestimation in winter, higher daily CC and generally
lower daily RMSE over the CONUS. It is worth noting that
3B42V6 underestimated rainfall in every region especially
in the West and East. This indicates the algorithm of adjust-
ing the 3B42RT product with the (GPCC) “full” gauge

analysis applied in the V7 TMPA significantly improves
the accuracy of precipitation estimates according to the
CPCUGA product. The 3B42RTV7 product shows more
pronounced overestimation than 3B42RTV6 during
summer especially in the Central region. But in winter and
spring, 3B42RTV6 demonstrates more overestimation than
3B42RTV7. In addition, the 3B42RTV6 shows much lower
RMSE than 3B42RTV7. Generally, the post-research prod-
uct 3B42 outperforms the real-time product 3B42RT in
terms of Bias, CC, and RMSE; the 3B42V7 performs better
than 3B42Ve.

3.4. Probability Distributions by Occurrence and
Precipitation Volume

[12] Probability distribution functions (PDFs) provide us
with information on the precipitation rate distribution, pre-
cipitation volume distribution, and the precipitation esti-
mates’ sensitivity as a function of precipitation rate. This
kind of evaluation also offers insight into error dependence
on precipitation rate and the potential impact of the error
on hydrological applications [7ian et al., 2010]. The PDFs
by occurrence (PDFc) and by volume (PDFv) as a function
of the daily precipitation are shown in Figures 5 and 6.
Here, only grid cells where both the reference and the
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Figure 4. Daily bias, CC, and RMSE over CONUS, West, Central, and East.

TMPA precipitation estimates are nonzero can be selected
to compute the PDFc and PDFv in order to emphasize the
TMPA products’ ability to quantitatively estimate precipi-
tation when it is raining.

[13] As shown in Figures 6 and 7, the V6 and V7
TMPA products generally have similar distribution pat-
terns of precipitation rates over CONUS and subregions
both in occurrence and volume. The main differences of
PDFc are clear at the lower end of bins (<4 mm/day) for
PDFc and at bins of moderate rain rates (632 mm/day)
for PDFv. All TMPA (especially V6) clearly overesti-
mated the precipitation contributed by rain rates less than
6 mm/day and underestimated at rain rates 6—32 mm/day
over the entire CONUS and all subregions for three years,
winter and summer except the Central and East during the
winter. In the central CONUS, all TMPA data sets except
3B42V6 overestimated the precipitation contributed by
rain rates in the interval of 2-32 mm/day. In the East, the
3B42RTV6 overestimated the precipitation by a great deal
for light rain rates (<6 mm/day) and underestimated pre-
cipitation contributed by rain rates in the 6-32 mm/day
range. This is likely due to frozen precipitation (primarily
snow) in the northeast CONUS in winter. HQ has limita-
tions in providing estimates in regions with frozen or icy
surfaces [Huffiman and Bolvin, 2013]. The snow cover in
winter very likely interferes with the PMW-based retriev-
als (i.e., HQ) [Ferraro et al., 1998 ; Grody, 1991], such as

AMSR-E and AMSU-B with coverage of higher-latitude
bands (beyond 38°N-S). The high frequency channels (89
and 150 GHz) of AMSU-B might detect more scattering
associated with precipitation-sized ice particles in the win-
ter atmosphere, which indirectly raises its retrieval precipi-
tation rate [Vila et al., 2007; Yong et al., 2010]. In
addition, the IR-based variable rainrate product 3B41RT,
which is used to fill the gaps wherever HQ is missing
[Huffman and Bolvin, 2013], has limitations in precipita-
tion estimation [Chen et al., 2012b; Hirpa et al., 2010,
Negri and Adler, 1993 ; Tuttle et al., 2008], especially for
warm-top stratiform cloud systems during the cold season
[Tian et al., 2007; Vicente et al., 1998]. What’s more, the
3B42V6 suffered from systematical underestimation in the
states of Minnesota, Wisconsin, and Illinois where are
indicated by red letter A, B, and C in Figure 1d with
rectangular-shaped underestimated areas. In the western
CONUS, both 3B42RTV6 and 3B42V6 largely overde-
tected lighter precipitation rates (<4 mm/day), and under-
detected precipitation rates higher than 4 mm/day,
especially in winter. It should be noted that 3B42RTV7
overestimated the precipitation by a great margin in the
rain rates from 2 to 16 mm/day especially in the West dur-
ing winter time. This agrees with the rainfall intensity dis-
tribution for winter shown in Figure 2p. This may be
because winter is the wet season in the West (particularly
in the coastal areas; see Figure 2d).
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Figure 5. Probability distribution functions by occurrence (PDFc) with 1 mm/day interval and log

space for x axis.

3.5. Contingency Statistics

[14] Figure 7 shows the performance of V6 and V7
TMPA products over the CONUS and three subregions in
terms of probability of detection (POD), the critical suc-
cessful index (CSI) and the false alarm rate (FAR) with
thresholds from 1 to 250 mm/day with intervals of 1 mm/
day. Scores of 3B42V6 and 3B42V7 are generally better
than the real-time TMPA products CONUS-wide and for
the three subregions. Specifically, 3B42V6 shows a little
higher POD but much higher FAR than 3B42V7. Thus
3B42V7 has higher CSI skill scores than 3B42V6 over the
CONUS and all subregions, particularly in the West. Com-
pared to 3B42RTV6, 3B42RTV7 illustrates similar but a
little better performance over the CONUS and three subre-
gions. This implies that improvement of 3B42V7 over
3B42V6 is mainly a result of the gauge-correction proce-
dure in the V7 TMPA algorithm by incorporating GPCC’s
“full” gauge analysis whenever available and the GPCC
“monitoring” gauge analysis since 2010. In addition, it is
worth noting that all products have low POD and CSI when
rain rates are greater than 150 mm/day in the West. In the

central and western regions, 3B42V7 and 3B42V6 demon-
strate pronounced improvements in terms of CSI than their
real-time counterparts when rain rates are greater than 50
mm/day. This means the real-time TMPA products under-
estimated the extremely heavy rainy events.

3.6. Spatial Distribution of Bias, RB, RMSE, and CC

[15] The distribution of the bias, RB, RMSE, and CC
reveal the spatial performance of the TMPA data sets,
which is important to hydrologic modelers for error propa-
gation analysis in their simulations. Figure 8 shows the spa-
tial distribution maps of bias, RB, RMSE, and CC versus
the reference for annual precipitation. Figure 9 gives the
corresponding PDFs by occurrence (PDFc) and cumulative
distribution function by occurrence (CDFc) of the error sta-
tistics based on the data illustrated in Figure 8.

[16] Figure 8 shows that 3B42RTV6 and 3B42RTV7
overestimated precipitation in the north central CONUS,
greatly underestimated along the west coast, and has low
CCs (<0.5) in the intermountain West. The 3B42RTV7
shows improvements over 3B42RTV6 in the southeast
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Figure 6. Probability distribution functions by volume (PDFv) with 1 mm/day interval and log space
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(i.e., Arkansas, Louisiana, Mississippi, Tennessee, Ala-
bama, and Georgia) with less overestimation and lower
RMSE. Product 3B42V6 has a dry bias compared to
3B42RTV6 in most of the central and eastern CONUS,
which was evidently introduced through overcorrection in
the gauge analysis (i.e., systematic underestimation) in
Minnesota, Wisconsin, Illinois, Virginia, North Carolina,
and Texas (see areas indicated by red letters A, B and C in
Figure 1d. Moreover, the 3B42V6 shows similar underesti-
mation of precipitation within the intermountain West with
the other three products. Additionally, the 3B42V6 did not
significantly improve the CC over the entire CONUS when
compared to 3B42RTV6; whereas, the 3B42V7 not only
shows better precipitation estimates in terms of bias but
also improves CC over most areas in the CONUS. The
3B42V6 and 3B42V7 products have similar RMSE distri-
butions over the western, central, and eastern CONUS and
lower RMSE than real-time TMPA data sets (especially
3B42RTV6) in the southeast CONUS. All TMPA products

have similar RMSE distributions in the western CONUS.
This indicates that V7 TMPA data set did not significantly
improve the RMSE in the West (see Figures 8k and 80).
Quantitatively, product 3B42V6 underestimated the precip-
itation by more than 10% in approximately 65.64% of the
area, while 3B42V7 did so in about 29.70% of the area
(Figure 8b). Looking at CC, PDFc, and CDFc, the 3B42V7
demonstrates much improvement over 3B42V6, which has
a close CDFc and PDFc with 3B42RTV7. The CDFc with
3B42RTV6 shows distinct discrepancies with those of
3B42RTV7, 3B42RTV7 and 3B42V7. PDFc of 3B42RTV6
indicates it has fewer areas with a CC greater than 0.7, as
compared to 3B42RTV7, 3B42V6, and 3B42V7. Gener-
ally, over the entire CONUS, all products have about
22.24% of the area with a high CC (>0.7), and relatively
low CC distributions over the central and west mountainous
regions, with 3B42RTV6, 3B42RTV7, 3B42RV6, and
3B42V7 each having 50.63%, 41.18%, 37.27%, and
30.55% of the area with a CC lower than 0.6, respectively.
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4. Summary and Conclusions

[17] The TMPA products development team provides
science communities with high-resolution global precipita-
tion products based on merging passive microwave (PMW)
and infrared (IR) satellite data with the new GPCC “full”
gauge analysis, and the GPCC “monitoring” gauge analy-
sis elsewhere when available. The latest V7 gauge-
adjusted, post-real-time research product 3B42V7 repre-
sents an improvement over the previous V6 counterpart
3B42Ve6. This paper provides an early quantitative study of
the spatial error characteristics of the real-time and post-
processed version 6 and 7 TMPA products based on daily,
seasonal, and interannual rainfall comparisons with the
gauge-based CPCUGA product over a study period of three
years over the CONUS. The findings of this study are sum-
marized as follows:

[18] 1. The real-time products 3B42RTV6 and
3B42RTV7 overestimated precipitation by more than 20%
for the three-year mean daily precipitation in the central
and northern CONUS (i.e., east Montana, west North

Dakota, South Dakota, Minnesota, Wisconsin, Iowa, and
Illinois). The 3B42RTV7 saw improvement over
3B42RTV6 with less biased precipitation over the West,
but it had more overestimation over the central and eastern
CONUS.

[19] 2. Both 3B42RTV6 and 3B42V6 underestimated the
three-year mean daily precipitation by more than 50%
along the mountain ranges in the West, including the Cas-
cades, Sierras, and the Rocky Mountains.

[20] 3. Seasonally, the 3B42V7 product distinctly outper-
formed the other three products from spring to winter with
high CCs (0.84-0.96) and marginally biased precipitation
(—8.03% to 3.11%) over the CONUS during every season.
The 3B42V6 has lower CCs (0.77-0.90) and greater sea-
sonally biased precipitation (—17.37% to —8.91%) over
the CONUS. In the West, the 3B42V7 saw improvements
with underestimation decreasing from —43.31% to
—28.77% in spring, —25.66% to —5.80% in summer,
—4231% to —16.88% in autumn, and —52.83% to
—36.21% in winter when compared to 3B42V6.
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[21] 4. 3B42V6 has systematic gauge-adjustment issues
(i.e., overcorrection) in Minnesota, Wisconsin, Illinois, Vir-
ginia, North Carolina, and Texas. These problems led to
widespread rectangular-shaped regions of underestimation.

[22] 5. The 3B42V7 product improved significantly upon
3B42V6 in the West, where the bias was reduced greatly in
3B42V7. It corrected 3B42V6’s over-adjustment problem in
the central and northeast CONUS, and displayed spatially
smooth and continuous variations of precipitation from the
low to high precipitation areas. It improved the CC over the
CONUS, especially in the West, and captured the CONUS-
wide spatial patterns of 3 year mean daily precipitation with
a high CC (0.92). Underestimation decreased from
—22.95% to —2.37% and the RMSE decreased from 0.80
mm to 0.48 mm, compared to 3B42V6.

[23] 6. The 3B42V7 has higher comprehensive scores of
CSI than 3B42V6 over the CONUS especially in the West.
Compared to 3B42RTV6, the 3B42RTV7 illustrates close
slightly better performance in the CONUS and the three
subregions (Figure 7).

[24] 7. Both 3B42RTV6 and 3B42V6 generally saw
more precipitation contributed by light precipitation rates
(<6 mm/day) and less contribution by high precipitation
rates (6-32 mm/day), while 3B42V7 has the overall best
performance. This is most evident in the West.

[25] 8. The improvement of 3B42V7 over 3B42V6 is
mainly from better incorporation of the GPCC data with
improved climatology and anomaly analysis and resulting
in significant improvements in complex terrain. It is noted,
however, that the same climatological orographic enhance-
ments are applied to the CPCUGA data used as reference
in this study, thus the data sets are not independent. In the
regions beyond the coverage (38°N-S) of TRMM, snow
and ice covered surfaces likely cause the underestimation
of TMPA products in the cold season, especially in the
intermountain regions.

[26] The error characteristics of the TMPA’s latest ver-
sion products identified and quantified in this study will
have significant implications for hydrological applications.
The spatial error structure of TMPA products will provide
hydrological modelers more insight into error sources when
they conduct hydrological simulation in the western, cen-
tral, and eastern CONUS during different seasons. The
improvements reported for 3B42V7 over 3B42V6 have the
ability to help the hydrological modelers retrospectively
simulate surface runoff, while climate researchers can bet-
ter understand the hydroclimate regime changes over the
CONUS. This study shows quite clearly that the latest
TMPA V7 product generally improves upon V6 over the
CONUS, and additional studies around the world need to
confirm if this generalization can apply elsewhere. Addi-
tional research is needed for QPE in the intermountain
West regions, which is also problematic for ground-based
radar measurements. Finally, more studies are needed to
investigate the effect of the successive input SSMIS on the
V7 TMPA. This study provides algorithm developers more
confidence since the TMPA Version-7 is going to evolve as
the Version-0 algorithm of the future GPM mission with
anticipated launch date in 2014.
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